The action of heparin on isolated nuclei derived from different phases of the mitotic cycle in plasmodia of Physarum polycephalum was studied. Heparin addition at two-fold excess over DNA concentration to nuclei in Mg-free low ionic strength buffer (10 mM TRIS-HC1, 10 mM Na, HPO4, pH=8) releases 60-80% of chromatin from S, G2, and mitotic phase nuclei. The RNA/protein ratio of herparin-solubilized cromatin is constant through S and G2 phases, but rises about two-fold at early prophase coincident with nucleolar breakdown. Purified nuclear envelopes were obtained from heparin-treated nuclei by sedimentation according to Bornens procedures (Nature 244, 28, 1973), and examined by transmission electron microscopy. Residual chromatin is seen at all stages with fine network of DNA fibrils in contact with the envelop. Regardless of time in S. 80% of ^H-labeled DNA was released into soluble chromatin with identical •*H/14c ratios. The residual chromatin in nuclear envelopes exhibited a preferential association of early S-DNA in nuclei engaged in early S replication, and late S preferential association in nuclei engaged in late S replication.
INTRODUCTION
The polyanion, heparin, produces a variety of effects on isolated nuclei and chromatin. It induces nuclear swelling, stimulates chromatin template efficiency for both endogenous and exogenous RNA polymerase, increases availability of chromatin template for exogenous DNA polymerase, and causes the release of DNA ina highly dispersed state (1) . Heparin-mediated release of DNA from isolated nuclei has been used to obtain purified nuclear envelopes (2) , and for detecting possible attachment of centrioles to nuclear membranes (3) . The mechanism of heparin-induced release of DNA from chromatin in isolated nuclei has been investigated (4) . It involves the formation of histoneheparin complexes, which have differing affinities for the five major classes of histones. At low concentrations, heparin removes histone HI selectively from chromatin, while at increasingly higher heparin concentrations, the core nucleosome histones (H3-H4, H2A-H2B) are cooperatively released in the form of a heparin-histone complex resistant to mild acid dissociation. The efficiency of DNA release by heparin changes during early interphase in mitotically synchronized Chinese hamster cells (4) . The cell-cycle dependence of DNA release from nuclei at a given heparin concentration (6) correlates temporally with a Gl-specific phosphorylation event that precedes entry of CHO cells into the Sphase, and which occurs independently of DNA synthesis.
The above findings bear strongly on the possible involvement of cellcycle specific chromatin modifications, with the putative nuclear membrane events that might trigger the initiation of DNA replication. To study this problem, we have investigated the effects of heparin-mediated DNA release on the association of replicating DNA with chromatin-depleted nuclear envelopes from mitotically synchronized macroplasmodial nuclei of the slime mold, Physarum polycephalum. We report here on the isolation and characterization of chromatin-depleted nuclear envelopes obtained from early S-phase, late S-phase, G2-phase, and mitotic nuclei obtained from mitotically synchronous plasmodia;
and on experiments demonstrating a preferential association of both early Sphase and late S-phase DNA with the residual nuclear envelope derived from heparin-treated early S-phase and late S-phase nuclei.
MATERIALS AND METHODS
Synchronous nuclear division: For experimental use, synchronous macroplasmodia of Physarum polycephalum, line M,C, were prepared by fusion of microplasmodial fragments as previously described (7) . The first synchronous postfusion mitosis (Ml) occurred at approximately 6 hours later, with subsequent synchronous nuclear mitoses (M2, M3, etc.) at about 10-12 hour intervals thereafter. Nuclear staging was done by sampling small pieces of plasmodial tissue from the edge of macroplasmodia and examining the smear preparations by phase microscope. The moment of metaphase was chosen as the reference point in all timing experiments, the S phase beginning within 2 to 3 minutes thereafter. For labeling of the DNA, at the appropriate time in the experiment, plasmodia and their underlying millipore filter support were transferred to fresh culture medium containing the radioactive precursor, thymidine (either 14 3
C-thymidine, 0.2 microcuries/ml of culture fluid, or H-thymidine, at 5 microcuries/ml of culture fluid).
Double-isotope labeling protocol: In certain experiments, macroplasmodia were 14 labeled for one full S-phase with C-thymidine (between cycles M2 and M3) in order to radioactively label all the nuclear DNA, and then transferred to medium containing H-thymidine for pulse-labeling of a portion of the subsequent S-phase (between M3 and M4). At the end of the H-thymidine pulse-labeling interval, plasmodia were transferred to fresh culture fluid containing unlabeled thymidine (1 mM) to remove excess label and kept on this culture medium until nuclei were prepared from the prelabeled plasmodia in the following mitotic cycle (between cycles M4 and M5). Two experimental protocols of this basic design were employed. In the first design, (designated early S-prelabel), plas-14 modia were continuously labeled with C-thymidine for one full S-phase, and pulse-labeled for the first 60 minutes of the subsequent S-phase, transferred for the remainder of the cycle to "cold" thymidine culture medium for a chase.
Nuclei were prepared on the next cycle at two time-points either a) 30 minutes after the beginning of the last S-phase, or b) 120 minutes into the last Sphase. In the second design, (designated late S-prelabel) plasmodia were again 14 continuously labeled with C-thymidine for one full S-phase, and pulse-labeled with H-thymidine for 60 minutes when plasmodia were 90 minutes into the second S-phase; plasmodia were again transferred to "cold" thymidine medium for the remainder of that cycle at the end of the pulse interval. Nuclei were prepared at the same two collection times (a and b), which corresponded to the time of either the early S-prelabel portion of S-phase, or the late S-prelabel of the last mitotic cycle.
Nuclear isolation: At the appropriate time in the experimental design, nuclei were isolated by a modification of the procedures of Jockush et al. (8) .
Plasmodia were washed once by submerging them in ice-cold distilled water, and homogenized by 10 strokes of a loosely-fitting teflon-glass homogenizer in the following buffer: 10 mM Tris-HCl, pH=8, containing 10 mM MgCl , 0.25 M sucrose, and 0.1% Triton-X-100, at 0 C. A ratio of buffer: plasmodial mass of 15: 1 was routinely used. After homogenization, the unbroken plasmodial tissue and debris were removed by centrifugation at 50X g for 10 minutes, and the supernatant containing most of the nuclei filtered through two-layers of cheese-cloth.
One volume of the resulting homogenate was layered over one volume of a cushion of IM sucrose in buffer of the above composition by filling the heavy sucrose layer from the bottom of the centrifuge tube with a hypodermic syringe. The one-step sucrose gradient was spun for 15 minutes at 1,200 X g at 4 C. The resulting pellet contained nuclei free of cytoplasmic contamination. Occasionally, it was necessary to repeat the one-step sucrose gradient centrifugation step in order to obtain nuclei free of adhering cellular debris. Purity of nuclear preparations were routinely determined by phase microscopic examination of cell fractions, and by transmission electron microscopic examination of nuclear pellets.
The heparin-mediated release of chromatin: Release of solubilized chromatin from isolated nuclei and the isolation of chromatin-depleted nuclei was carried out by a modification of the heparin-treatment procedure of Bornens(2). Nuclear pellets were resuspended in a Mg-free buffer of the following composition:
10 mM Tris-HCl, 10 mM Na HPO, , pH=8, and a aliquot of a stock solution of heparin at 5 mg/ml in the same buffer added to give a final concentration of 200 micrograms of heparin or a two-fold excess of heparin over the DNA concentration. Immediately after addition of heparin, nuclear suspensions were examined by phase microscopy. Nuclear swelling and loss of nuclear chromatin material from intact nuclei were observed to occur within a few minutes. The heparin-treated nuclear suspension also became quite viscous presumably by the release of nuclear DNA, although intact swollen nuclear envelopes were still present. Kinetic curves for the release of soluble DNA from heparin-treated nuclei were obtained by UV-spectrophotometric analysis of high speed supernatants of heparin-treated nuclei (37,500 x g to 60 minutes), and were used to estimate the extent of chromatin release into soluble DNA fraction.
Nuclear envelope preparation: Purified nuclear envelopes were obtained by diluting the viscous heparin-treated nuclear lysate five-fold with the TrisHCl-Phosphate buffer. The final suspension was centrifuged for 60 minutes at 37, 500 X g. The pellet fraction was found to contain intact and broken nuclear envelopes, which were used for further biochemical analyses and electron microscopic study.
Deoxyribonuclease treatment of nuclear envelopes: Washed nuclear envelope fractions were subjected to DNase I digestion at 50 /ug/ml for 15 minutes at 37 C.
The control untreated nuclear envelope fractions were incubated under the same conditions with equivalent volumes of Tris-Phosphate buffer added. At. the end of the enzyme digestion the samples were chilled to 0 C by ice-cold buffer and filtered through an S + S nitrocellulose filter. All digestions were carried out in duplicate. The filters were dried in a hot air oven at 50 C for 1 hour, and counted by liquid scintillation spectrometry.
Electron microscopic studies: Whole plasmodia, isolated nuclei, and nuclear envelope fractions were obtained as described above and fixed with 2.5% glutaraldehyde in 0.I M sodium cacodylate buffer, pH=7. 1. Fixations were carried out for one hour at 4 C, and the material washed successively with 0.1 M cacodylate buffer, post-fixed with 1% osmium tetraoxide, and embedded in Araldite plastic, after dehydration steps; and stained both in block and in section with lead citrate and uranyl acetate. The blocks were sectioned and examined in a Hitachi HU 11 A electron microscope.
14
Radioactivity measurements: The contents of H-label and C-label in intact purified nuclei, solubilized chromatin, and nuclear envelope fractions were determined by liquid scintillation counting in a Beckman counter. The samples were counted in a cocktail containing one part Triton X-100: 2 parts PPO-POPO in toluene. Corrections were made for channel ratios (0.2% H-cpm spillover into the C-channel; 21% C-cpm spillover into the H-channel). The values 3 14 3 14 of H-cpm and C-cpm, and the H/ C ratios presented in the results are corrected for background counts, and channel ratios. Preferential association of replicating DNA with nuclear envelope components:
Because plasmodial nuclear DNA is replicated in a fixed order, which is conserved through successive mitotic S-phases, (10, 11) it is possible to test whether early S-replicating or late S-replicating DNA molecules show a preferential association with S phase-specific nuclear membrane components at their putative times of replication. Advantage was taken of the technique of heparinmediated release of solubilized chromatin from isolated nuclei to obtain purified S-phase-specific chromatin-depleted nuclear envelope preparations, and to detect the existence of an S-phase-specific association of pulse-labeled early S DNA molecules with either early S or late S derived chromatin-depleted nuclear envelope preparations, or conversely a S-phase-specific association of late Sreplicating DNA molecules with early S or late S-phase derived chromatin-depleted nuclear envelope preparations. In order to distinguish bulk non-replicating DNA molecules from phase-specific early S or late S replicating DNA molecules, 14 the former were labeled for one full S-phase with C-thymidine, and the later were radioactively-tagged in the next S-phase by pulse-labeling that portion of the S-phase corresponding to early S (see Methods), or late S (see Methods).
If there is a phase-specific association of early S DNA molecules with early S nuclear envelope components, and a phase-specific association of late S DNA molecules with late S nuclear envelope components, then these associations might be less sensitive to removal from nuclear envelopes following heparinmediated release of the solubilized chromatin, and subsequent recovery of the protected complexes in the chromatin-depleted nuclear envelopes. This would be detected as an elevation of the ratio of H-labeled DNA to C-labeled bulk DNA in phase-specific chromatin-depleted nuclear envelope preparations. Table   3 14 1 gives the results of two experiment in which the H/ C ratios of isolated nuclei (A),solubilized chromatin (B),and nuclear envelopes (C) preparations were determined for both early S-prelabeled experimental design, and late Sprelabeled design. Note that regardless of the time in the S-phase when nuclei 3
were harvested, 80% of the H-labeled DNA was released into the soluble chromatin fraction. In both the early S-prelabel experiments, no differences were 3 14 found between the H/ C ratios for either the whole nuclei (Experiment 1, 2.14 versus 2.15; experiment 2, 0.8 versus 0.7), nor in the solubilized chromatin fraction (experiment 1, 0.83 versus 0.83). However, for the nuclear envelope 3 14 preparations, the H/ C ratio is consistently higher in the early S nuclear envelope preparations than in the late S nuclear envelope preparations (experi- for an elevated value of the H/ C ratio in the late S phase-specific combination for all fractions. Thus, no valid conclusions can be drawn for a preferential association of late S-replicating DNA with soluble chromatin or nuclear 3 14 envelope preparations. However, in experiment 2, no differnece in the H/ C ratios were found between early S and late S whole nuclei (1.79 compared to 1.72), or between early S and late S solubilized chromatin fractions (2.01 compared to 2.07). Comparison of early S and late S nuclear envelope preparations 3 14 reveals an elevated H/ C ratio for late S-phase preparation (0.77 compared to 0.96).
In other experiments the effects of pancreatic DNase I digestion on the differential retention of H-labeled DNA in early S versus late S derived chromatin-depleted nuclear envelopes was studied, and found to abolish the preferential association of early S replicating DNA with phase-specific early S nuclear envelope components (I, D of Table I ). Likewise, it abolishes the preferential association of late S replicating DNA with phase-specific late S derived chromatin-depleted nuclear envelope components (experiment 2, II, D of Table I ).
DISCUSSION
Considerable ultrastructural (12) , and biochemical (13) evidence has accumulated for specific chromatin attachment sites to the nuclear envelopes and for the possible association of newly replicated DNA with nuclear envelope components, (14, 15) . The recent discovery of a nuclear protein framework that persists after removal of the nuclear membrane, and depletion of chromatin have also revealed an attachment of chromatin-like fibrils to nuclear pore complexes (16, 17) . Moreover, Berezney and Coffey (18) have described an association of newly synthesized DNA with a nuclear protein matrix and postulated a role for it in the initiation of DNA synthesis. Their electron microscopic studies also suggest that the fibrous matrix framework may be derived from the interchromatinic areas of the nucleus. Yet, considerable controversy exists regarding the role of nuclear membrane components in the control of the spatial and temporal pattern of eukaryotic DNA replication.
Our results suggest that chromatin-depleted nuclei obtained by heparinmediated release of histones and chromatin DNA possess a fibrous matrix of chromatin-like fibrils which are interlocked to nuclear pore complexes, and that the structural framework persisting after bulk chromatin release is enriched in phase-specific replicating DNA molecules. As pointed out by Wunderlich (19) , the association of nascent replicating DNA with the pore complexes could readily explain the observation that recently initiated DNA molecules are not preferentially associated with the inner nuclear membrane. In Physarum, Schel and Wanka (20) have shown that interphase nuclei possess a structural framework interconnected by chromatin fibrils and attached to annular ring-like structures. Further studies by Schel (2 1) employing whole mount and freeze-fracture techniques on isolated nuclei at different phases of the mitotic cycle demonstrate a two-fold increase in the nuclear pore complexes mainly during the S-phase. Our results suggest that the early S-nuclear envelope fibrillar matrix is more susceptible to heparin-mediated removal, but by late S (M + 60 minutes) the fibrillar network is more resistant, and the frequency of putative pore complexes interconnecting the chromatin-like fibrils increases. Tentatively, we conclude that the heparin-resistant nuclear envelope structural framework serves as attachment sites for phase-specific replicating DNA. It is further speculated that the mode of association may involve the attachment of initiation sites of the replicating DNA to the pore complexes, which are seen as ring-like structures persisting after heparin-mediated release of the bulk non-replicating DNA.
